Palmitate, the enzymatic product of FASN, and palmitate-derived lipids support cell metabolism, membrane architecture, protein localization, and intracellular signaling. Tubulins are among many proteins that are modified post-translationally by acylation with palmitate. We show that FASN inhibition with TVB-3166 or TVB-3664 significantly reduces tubulin palmitoylation and mRNA expression. Disrupted microtubule organization in tumor cells is an additional consequence of FASN inhibition. FASN inhibition combined with taxane treatment enhances inhibition of in vitro tumor cell growth compared to treatment with either agent alone. In lung, ovarian, prostate, and pancreatic tumor xenograft studies, FASN inhibition and paclitaxel or docetaxel combine to inhibit xenograft tumor growth with significantly enhanced anti-tumor activity. Tumor regression was observed in 3 of 6 tumor xenograft models. FASN inhibition does not affect cellular taxane concentration in vitro. Our data suggest a mechanism of enhanced anti-tumor activity of the FASN and taxane drug combination that includes inhibition of tubulin palmitoylation and disruption of microtubule organization in tumor cells, as well as a sensitization of tumor cells to FASN inhibition-mediated effects that include gene expression changes and inhibition of β-catenin. Together, the results strongly support investigation of combined FASN inhibition and taxane treatment as a therapy for a variety of human cancers.
Introduction
Palmitate, the enzymatic product of fatty acid synthase (FASN), serves multiple essential and diverse functions within tumor cells to maintain cellular conditions that promote survival, growth, and proliferation. It provides a substrate for the anabolic synthesis of long-chain and complex cellular lipids and post-translational protein modification. Palmitate and palmitate-derived lipids function in cell metabolism, membrane architecture, protein localization, and intracellular signaling; cellular processes that are altered during oncogenic transformation and cancer progression (Gonzalez-Guerrico et al., 2016; Menendez and Lupu, 2007; Daniels et al., 2014; Flavin et al., 2010) . Tumor cells have increased demand for ATP and metabolic macromolecules and must sustain survival and mitogenic signal transduction (Ward and Thompson, 2012; Vander Heiden et al., 2009) , which requires lipid raft membrane microdomains densely packed with lipid-modified signaling proteins (e.g. H/N/K-Ras, EGFR, Akt) and lipid-based signaling molecules such as diacylglycerol and phosphatidylinositol (Simons and Sampaio, 2011; Lingwood and Simons, 2010; Levental et al., 2010) . Whether a cause or consequence, FASN expression increases with tumor progression in many tumor types, including lung, breast, pancreatic, ovarian, colorectal, and prostate cancer (Ueda et al., 2010; Shah et al., 2006; Zaytseva et al., 2012; Witkiewicz et al., 2008; Sebastiani et al., 2006; Puig et al., 2008) , and increased FASN expression associates with diminished survival and response to classical chemotherapeutic agents (Ueda et al., 2010; Tao et al., 2013; Nguyen et al., 2010; Notarnicola et al., 2012; Witkiewicz et al., 2008; Zaytseva et al., 2012) . Thus, FASN presents an attractive target for the development of selective inhibitors for the treatment of cancer. Strong rationale exists for developing selective, highly active FASN inhibitors as both a single agent cancer therapy and also in combination with targeted and standard chemotherapy agents.
The rationale for use of FASN inhibitors as a key component of combination therapy derives from known cellular effects of FASN inhibition (Ventura et al., 2015; Chuang et al., 2011; Kridel, 2004; Puig et al., 2009 Puig et al., , 2008 Tomek et al., 2011 ) that include (1) blockade of palmitate synthesis, (2) disruption of membrane-associated protein localization and plasma membrane architecture, (3) inhibition of oncogenic signal transduction (e.g. Wnt-beta-catenin and Akt), (4) gene expression reprogramming, and (5) induction of tumor cell apoptosis. In studies by Ventura et al. demonstrating these effects, many tumor cell lines were found to be uniquely addicted to palmitate synthesis and consequently killed by FASN inhibition. Non-tumor diploid cells such as endothelial cells or fibroblasts showed a modest decrease in proliferation but did not exhibit the cellular perturbations, for example, gene expression reprogramming, or undergo apoptosis. The disruption of membrane architecture and protein palmitoylation and localization provide direct mechanisms to sensitize tumor cells to chemotherapy or targeted agents. Altered membrane composition may facilitate entry of agents into tumor cells where they can exert their therapeutic activity while sparing non-tumor cells; for example, FASN inhibition in certain tumor cell lines changes the lipid composition of the plasma membrane, increasing the ability of doxorubicin to gain access to the cytoplasm (Rysman et al., 2010) . Agents that target proteins or biological processes affected by FASN inhibition provide a further basis for designing rational combination partners. For example, agents that target palmitoylated or lipid raft-associated proteins may synergize with FASN inhibition if the localization and function of the target protein is determined by palmitoylation. Examples of palmitoylated proteins that are the known targets of approved anti-cancer therapies include tubulin and EGFR (Caron and Herwood, 2007; Caron et al., 2001; Zambito and Wolff, 1997; Ozols and Caron, 1997; Caron, 1997; Runkle et al., 2016; Bollu et al., 2015; Miura et al., 2006) .
Previously, we described the characterization of the orally bioavailable, potent, and selective small molecule FASN inhibitor TVB-3166 as monotherapy in preclinical tumor models (Ventura et al., 2015) . Here we report preclinical studies with TVB-3166 and the related molecule TVB-3664 that demonstrate significantly enhanced anti-tumor efficacy when FASN inhibition is combined with paclitaxel or docetaxel in vitro and in vivo. Others have studied the activity of cerulenin, an irreversible FASN inhibitor with off-target activity against many other enzymes, in combination with docetaxel in HER2-positive breast cancer cells (Menendez et al., 2004) . These results provided evidence of synergistic tumor cell killing by the cerulenin-docetaxel combination; however, the significance of FASN to the findings was uncertain due to the off-target activities of cerulenin. Our studies utilized highly selective FASN inhibitors with optimized pharmacological properties, and this enabled the discovery of a mechanism-based rationale for combining FASN inhibition with taxanes that was supported by in vivo efficacy studies in varied xenograft tumor models. FASN inhibition alone inhibits tubulin palmitoylation, tubulin expression, and microtubule organization in tumor cells but not in non-tumor cells such as fibroblasts. These FASN inhibitor-mediated tumor cell effects are enhanced in combination with a taxane. Further, the combined treatment of tumor cells with FASN inhibition and a taxane increases the induction of cell killing and inhibition of cell growth in in vitro assays such as colony growth. In vivo, strongly increased inhibition of xenograft tumor growth occurs with combined TVB-3166 and taxane administration. Impressively, the effects include induction of near complete tumor regression in a variety of diverse tumor cell-line-and patient-derived tumor models that include lung, ovarian, pancreatic, and prostate tumor models. Pharmacodynamic analysis of xenograft tumors revealed enhanced inhibition of beta-catenin expression and signaling as well as a sensitization to gene expression reprogramming that occurs with FASN monotherapy in vitro. Together, these results provide compelling mechanism-and efficacy-based evidence for combined FASN and taxane therapy as a cancer therapy.
Materials and Methods

Protein Palmitoylation
The NSCLC tumor cell line, A549 (KRAS G12S mutant), was treated for 16 or 72 h with 20 μM 2-bromopalmitate or 50 nM TVB-3664, respectively, in Advanced formulation MEM (Thermo Fisher) supplemented with 1% charcoal-stripped FBS (CS-FBS) and 1% L-glutamine. For acyl-biotinyl exchange, cells were lysed in lysis buffer containing N-Ethylmaleimide to block free thiol groups and palmitoylation sites were labeled with biotin using the method as previously described (Wan et al., 2007) with minor modifications. Briefly, NEM-blocked lysates were treated with 1 M hydroxylamine (pH 7.4) for 1 h followed by incubation with an HPDP-biotinylation solution (pH 7.4). Protein concentrations were normalized using BCA assay. Biotinylated proteins were pulled down with Streptavidin-Agarose beads (ThermoFisher). Western blots were performed to detect palmitoylated proteins. Western blot images were captured using a LiCor Odyssey imager.
β-Tubulin Confocal Immunofluorescence
For confocal immunofluorescence imaging, 22Rv1 or MRC-5 cells were treated in Advanced formulation MEM (Thermo Fisher) supplemented with 1% charcoal-stripped FBS and 1% L-glutamine. After a 96-h compound treatment, cells were treated with microtubule stabilizing buffer (PIPES (80 mM, pH 6.8), MgCl 2 (1 mM), EGTA (5 mM)) supplemented with 0.5% Triton X-100 for 30 s, then fixed by overlaying 8% paraformaldehyde and incubating for 15 min at room temperature. Microtubules were labeled using anti-β-tubulin antibody (Cell Signaling) and secondary antibody conjugated to Alexa-Fluor-488 fluorescent dye (Thermo Fisher). Slides were mounted in Prolong mounting media and imaged using a Zeiss LSM 510 or Leica SP8 confocal microscope. The Leica SP8 was used with permission from Stanford University School of Medicine Cell Sciences Imaging Facility who obtained the microscope with National Center for Research Resources (NCRR) Award 1S10OD010580.
Soft Agar Colony Formation
For soft agar colony growth assays, cells were treated in an agarose matrix composed of compound treatment (DMSO, TVB-3166, taxane (paclitaxel or docetaxel), or combination), 0.35% ultrapure agarose and IMDM (ThermoFisher) supplemented with 10% fetal bovine serum, 1% non-essential amino acids, and 1% L-glutamine. The cell treatment layer was placed on a base agarose layer composed of 0.6% bactoagar and IMDM supplemented with 10% fetal bovine serum, 1% nonessential amino acids, and 1% L-glutamine. A liquid feeder layer containing compound was added on top and changed weekly. After 3-4 weeks of colony growth, cells were stained using 0.005% crystal violet and images were taken of each well.
Western Blot
For Western blot experiments, cells were treated with DMSO for 96 h in Advanced formulation MEM (ThermoFisher) supplemented with 1% charcoal-stripped FBS and 1% L-glutamine. Cells were lysed using cell lysis buffer (Cell Signaling) supplemented with phosphatase and protease inhibitors (ThermoFisher). Lysate concentrations were determined using BCA and normalized for protein load. Western blot images were captured using a LiCor Odyssey imager. For pharmacodynamic analysis of xenograft tumors, tumor lysates from individual mice in each treatment group were pooled such that each tumor contributed an equal amount of total protein to the pooled sample. Individual tumor lysates were not analyzed nor were the pooled samples analyzed multiple times; therefore, statistical significance was not determined for observed changes.
Annexin V Flow Cytometry
Cells were seeded in growth media. One day after seeding, the media was changed to the Advanced formulation MEM treatment media. Cells were treated with TVB-3166 for 24 to 96 h and harvested by Accutase (Gibco, cat. no. A11105), washed with cold PBS, and stained for Annexin V staining (FITC Annexin V Apoptosis Detection Kit II ; BD Pharmingen cat. no. 556570). Flow Cytometry analysis was performed at Stanford University's Shared FACS Facility using the LSRII·UV instrument that was obtained by Stanford University using NIH S10 Shared Instrument Grant (S10RR027431-01). Data were analyzed at 3-V Biosciences using FlowJo software (Ashland, OR).
Paclitaxel Concentration Determination in Cell Pellets and Supernatants
Calu-6 cells were treated with 100 nM TVB-3166 for 24 h or 50 nM TVB-3664 for 48 h. Paclitaxel was added to the cell culture media to a final concentration of 6 nM. After the 2 h of incubation with paclitaxel, cells and supernatant were collected for analysis. In the control groups, cells were not pre-treated with FASN inhibitors. Treatments were performed in Advanced formulation MEM (Thermo Fisher) supplemented with 1% charcoal-stripped FBS and 1% L-glutamine. All treatments were performed in duplicate. At the end of the incubation, cell culture media were collected into polypropylene tubes; cell pellets were resuspended in 0.5 ml of PBS, collected into the polypropylene tubes, and cells were counted. 100 μl of media or cell suspension were treated with 200 μl of acetonitrile containing the internal standard. Paclitaxel was extracted from cells and media by extensive shaking and further centrifugation. For cell supernatants, 10 μl was subjected to LC-MS-MS analysis. The concentration of paclitaxel in cell pellet and supernatant samples was measured by a quantitative LC-MS-MS method using deuterated paclitaxel as an internal standard. The method involved protein precipitation, extraction of paclitaxel and the internal standard from biological matrices, and injection of diluted extract into LC-MS-MS for paclitaxel detection. Paclitaxel and deuterium labeled paclitaxel (Paclitaxel-D5) as internal standard were obtained from Santa Cruz Biotechnology, Inc. Stock solutions of paclitaxel and IS were prepared in acetonitrile at concentrations of 1 mg/ml each. Spiking solutions of paclitaxel were prepared by appropriate dilutions with acetonitrile. HPLC or MS grade reagents were used to prepare chromatographic mobile phases. Chromatographic separations were performed by Thermo Scientific Aria LC system consisting of CTC PAL cooling auto-sampler and Agilent binary pumps. A Thermo BetaBasic-18 column (50 × 2.1 mm, 5 μM particle size) was used. Mobile phases composed of water, containing 0.1% formic acid (mobile phase A), and acetonitrile with 0.1% of formic acid (mobile phase B) were used. The elution gradient to achieve chromatographic separation was 5-95% B in 2 min, 1 min at 95% B, and 0.5 min equilibrium at 5% B. Flow rate was set at 1 ml/min. The eluted analytes were detected using an API Sciex 4000 in positive electrospray mode. A Parker-Ballston LC-MS gas generator supplied nitrogen. The paclitaxel and IS were analyzed by multiple reaction monitoring mode (MRM) with the transitions of 876.6 → 308.1 for paclitaxel, and 881.6 → 313.5 for IS. Both paclitaxel and IS were monitored as their respective most abundant adduct ions [M + Na] + to achieve better sensitivity. Data were acquired by Analyst 1.5 software. The calibration curves were established by plotting peak area ratios of paclitaxel to IS versus nominal concentration. A weighted least-squares linear regression was applied to generate a calibration curve. The calculation of paclitaxel concentrations was performed with Analyst 1.5 software.
Tumor Cell Line Xenograft Studies
Female BALB-c-nude mice were inoculated subcutaneously at the right flank with PANC-1 or OVCAR-8 tumor cells. TVB-3166 treatment via oral gavage administration was initiated when the mean tumor size reached approximately 150 mm 3 . Mice were assigned into treatment groups (N = 10) using a randomized block design based upon their tumor volumes. Tumor sizes were measured twice weekly in two dimensions using a caliper, and the volumes were expressed in mm 3 using the formula: V = width 2 × length × 0.5. The study was terminated 6 h after the final dose. Tumor growth inhibition (TGI) was calculated as the percentage of tumor growth, relative to tumor size at the start of treatment, in drug-treated groups compared to vehicle-treated groups. The Mann-Whitney U test was used to assess statistical significance of the mean tumor size between drug and vehicle-treated groups. The in-life phase of the studies was conducted by Crown Biosciences (Santa Clara, CA, U.S.A., and Beijing, China). The experimenters were not blinded to group assignments.
Patient-Derived Xenograft Studies
Female BALB-c-nude mice implanted unilaterally in the flank region with tumor fragments harvested from donor animals. When tumors reached approximately 100-300 mm 3 , animals were matched by tumor volume into treatment and control groups and TVB-3166 dosing by oral gavage was initiated. Tumor dimensions were measured twice weekly by digital caliper and data including individual and mean estimated tumor volumes (mean TV ± SEM) recorded for each group; tumor volume was calculated using the formula (1) TV = width 2 ×-length × 0.52. Tumor growth inhibition (TGI) was calculated as the percentage of tumor growth, relative to tumor size at the start of treatment, in drug-treated groups compared to vehicle-treated groups. The in-life phase of the studies were conducted by Champions Oncology (Baltimore, MD). The experimenters were not blinded to group assignments.
Animal Work Statement
CrownBio IACUC follows the "Guide of Animal Care and Use" NRC 2011, Chinese National Standard and Local government's regulations as well as animal welfare assurance number (A5896-01TC and A5895-01BJ). As an AAALAC accreditation facility, Crown Bioscience IACUC agrees to play a role as monitoring the animal activities to ensure the laws and regulations being well implemented in our facility. SoBran Inc.'s Institutional Animal Care and Use Committee has approved all animal use protocols at Champions Oncology and ensures that all protocols meet the guidelines described in the Guide for the Care and Use of Laboratory Animals.
Results
TVB-3166 and TVB-3664 Are Selective, Potent FASN Inhibitors
We discovered a series of selective, potent, and highly bioavailable FASN inhibitors that included TVB-3166 and TVB-3664 (Table 1 , Fig. 1 ). TVB-3166 was evaluated in a diverse set of in vitro and in vivo studies that demonstrated the effect of FASN inhibition on palmitate synthesis, cell signaling, cell survival, gene expression, and in vivo xenograft tumor growth (Ventura et al., 2015) . In these previous studies, controls with a high concentration of exogenous palmitate in the cell culture media were included; they showed that the effect of TVB-3166 on cell viability was an on-target activity of FASN inhibition. This conclusion was further supported by the observed dose-response relationship between drug treatment and the measured effect in all assays. TVB-3664 exhibits 8-to 10-fold greater potency against human and mouse FASN than TVB-3166 while retaining very high chemical similarity (Table 1) . Both of these FASN inhibitors have excellent bioavailability and pharmacokinetic properties in mice that enable in vivo pharmacology and tumor growth inhibition studies (TVB-3664 data shown in Fig. 1B ). TVB-3166 and TVB-3664 were used interchangeably in the studies reported here. Several tumor cell lines were used in the in vitro and in vivo studies (Table S1 ). FASN expression was similar across the tumor cell lines. The prostate-tumor-derived cell line 22Rv1 had the highest FASN protein expression. Requirements for some individual studies made using a particular cell line throughout the different studies difficult or impossible. Additionally, varied models were used to show the diversity of tumor types that respond to FASN inhibition.
FASN Inhibition Inhibits Tubulin Palmitoylation and mRNA Expression
Many proteins including a subpopulation of alpha-and beta-tubulin in microtubules are modified post-translationally by the addition of a palmitate moiety to cysteine side chains (Zambito and Wolff, 1997; Ozols and Caron, 1997; Caron, 1997) . This modification often leads to targeting proteins to lipid raft microdomains of the plasma membrane and may serve to anchor microtubules to specific cell membranes. To examine the effect of FASN inhibition on palmitoylation of tubulin proteins, several different non-small-cell lung cancer cell lines were found to perform well in this assay and were analyzed for palmitoylation using an acyl-biotin exchange process followed by Western blotting. The procedure was validated using 2-bromopalmitate (2-BP), a substrate-based inhibitor of protein palmitoylation. Treatment of KRAS-mutant A549 tumor cells with 20 μM 2-BP for 18 h decreased levels of palmitoyl-α-and β-tubulin 27% and 79%, respectively ( Fig. 2A) . Comparable results were observed in A427 and CALU-6 KRAS-mutant NSCLC tumor cell lines. We then determined the effect of FASN inhibition on tubulin palmitoylation by treating cells with TVB-3664. TVB-3664 inhibits cellular palmitate synthesis with an IC 50 value of 9 nM (Table 1) . A549 cells treated with 50 nM TVB-3664 for 72 h showed a 67% and 92% loss of palmitoyl-α-and β-tubulin, respectively ( Fig. 2A) . The KRAS wild-type NSCLC cell line NCI-H520 showed 27% and 65% inhibition of palmitoyl-α-and β-tubulin, respectively. These results were in excellent agreement with the effects of 2-BP treatment and clearly demonstrated that FASN inhibition decreases palmitoylation of both α-and β-tubulin. FASN inhibition has been shown to reprogram gene expression, affecting many different types of genes in tumor cells including those that function in metabolism and regulation of cell growth, proliferation, and signaling (Ventura et al., 2015) . Beta-tubulin expression was determined in 22Rv1 and additional tumor cell lines by RNA sequencing and quantitative RT-PCR assays. Treating cells with 1 μM TVB-3166 for 48 h decreased β-tubulin expression significantly compared to DMSO treatment. Treatment with paclitaxel alone had no effect on β-tubulin expression. The combination of TVB-3166 and paclitaxel decreased expression comparable to that observed with FASN inhibition alone (Fig. 1C) . Comparable results were obtained in additional tumor cell lines including CALU-6 (nonsmall-cell lung) (Ventura et al., 2015) . Taken together, the changes to tubulin gene expression and post-translational modification of the protein induced by FASN inhibition suggest that FASN inhibition combined with another drug-targeting microtubule function, for example, with taxane treatment, may inhibit tumor cell growth with greater efficacy. Consistent with this hypothesis, β-tubulin mRNA expression remains suppressed in the presence of combined TVB-3166 and paclitaxel treatment (Fig. 1C) .
FASN Inhibition Disrupts Microtubule Organization
To investigate the effect of FASN inhibition on cellular microtubule organization, tumor cells were stained with an immuno-fluorescent antibody against β-tubulin following 96 h of treatment with vehicle (DMSO), TVB-3166, paclitaxel, or the combination of TVB-3166 and paclitaxel. 22Rv1 prostate tumor cells were found to have optimal features for this study including cell size, morphology, and preservation of microtubule structure following cell fixation. The results shown are representative of 3 separate biological replicate experiments. In vehicle-treated cells, an organized microtubule structure was observed (Fig. 1D) . A ring-like structure was seen outside of the nucleus with lightly staining filaments dispersed throughout the cell. FASN inhibition with TVB-3166 caused microtubule strands to appear longer and more intensely stained than observed in vehicle-or paclitaxel-treated cells and the ring-like structure was not apparent. In paclitaxel-treated cells, the overall organization of tubulin was similar to vehicle-treated cells with the presence of mitotic-arrested cells as expected. Combined treatment with TVB-3166 and paclitaxel induced further changes than observed with TVB-3166 single agent treatment; combination treatment caused tubulin strands to appear very long and thin with major disruption of the normal organization. 22Rv1 tumor cells treated with TVB-3664 or the combination of TVB-3664 and docetaxel showed the same results as cells treated with TVB-3166 or TVB-3166 plus paclitaxel (Fig. S1 ), demonstrating that FASN inhibition combined with different taxane molecules used for the clinical treatment of cancer induce the same effects in this in vitro assay.
Combined FASN Inhibition and Taxane Treatment Increases in Vitro Tumor Cell Growth Inhibition
The effect of FASN inhibition and taxane treatment on tumor cell growth was investigated using soft agar colony growth assays.
Treatment of 22Rv1 prostate tumor and CALU6 non-small-cell lung tumor cell lines with 0.1 μM TVB-3166 reduced both colony number and size in a 3-to 4-week growth assay (Fig. 3A) . Paclitaxel treatment at 0.3 or 1.0 nM did not affect colony size or number; however, 3 nM paclitaxel showed strong inhibition of colony growth of both tumor cell lines. The combined treatment of 0.1 μM TVB-3166 and 1 nM paclitaxel showed greater inhibition of colony growth than either agent alone at these concentrations. Increasing the paclitaxel concentration to 3 nM combined with 0.1 μM TVB-3166 inhibited colony growth completely or nearly completely in CALU6 and 22Rv1 cells, respectively. Because 3 nM paclitaxel did not inhibit colony growth completely as a single agent in 22Rv1 cells, increased growth inhibition compared to single agent FASN or taxane treatment was discernable with the combination of 0.1 μM TVB-3166 and 3 nM paclitaxel in these cells. Three independent biological replicate experiments were performed with the 22Rv1 cells using paclitaxel twice (representative data in Fig. 2A ) and docetaxel once (Fig. S2) . Comparable results were obtained with paclitaxel and docetaxel. A single experiment with the CALU-6 tumor cell lines was performed to confirm the results in a different tumor cell type.
FASN Inhibition Does Not Affect Intracellular Paclitaxel Concentration
The possibility that the mechanism of action for FASN and taxane combination activity results from an increased intracellular paclitaxel concentration as a result of FASN inhibition was examined by treating tumor cells with vehicle (DMSO), TVB-3166 (0.1 μM), or TVB-3664 (0.05 μM) for 24 or 48 h followed by the addition of 6 nM paclitaxel (Fig. S1 ). Non-tumor cells (MRC-5 lung fibroblasts) were not affected significantly by TVB-3664 and paclitaxel or docetaxel treatment (Fig. S1) .
for 2 h. The intracellular paclitaxel concentration determined by mass spectrometry was unchanged by TVB-3166 or TVB-3664 treatment ( Fig. 3B ; Table 3 ). The results shown for TVB-3166 are representative of two independent experiments. A single experiment with TVB-3664 was performed to confirm the results with TVB-3166. Therefore, the enhanced anti-tumor activity of FASN inhibition and taxane treatment is not the result of an increased intracellular taxane concentration.
Combined FASN Inhibition and Taxane Treatment Strongly Inhibit Xenograft Tumor Growth and Induce Tumor Regression in Tumor Models from Different Tumor Types
The anti-tumor efficacy of combining FASN inhibition and taxane treatment was determined in studies with several murine xenograft tumor models representing non-small-cell lung, ovarian, prostate, and pancreatic tumor types (Table 4) . Non-small-cell lung xenograft tumor models included KRAS-mutant tumor cell lines (CALU6 and A549) and CTG-0165_P + 6, a patient-derived tumor with wild-type KRAS and EGFR (Fig. 4) . CTG-0165_P + 6 is a tumor that is related to the CTG-0165 tumor reported previously (Ventura et al., 2015) . The current study uses the tumor following 6 passages in mice. During these passages, the growth characteristics and the response to single agent TVB-3166 treatment changed. In these three studies with 10 mice per treatment group, single agent TVB-3166 did not inhibit tumor growth significantly. Single agent paclitaxel exhibited 48-63% tumor growth inhibition. Both paclitaxel and docetaxel were investigated in the A549 xenograft study and demonstrated comparable single agent activity (48% and 52%, respectively). The combination of TVB-3166 and paclitaxel resulted in tumor regression in the CALU6 and CTG-0165_P + 6 patient-derived tumor models. In the A549 tumor model, TVB-3166 combined with paclitaxel or docetaxel to inhibit tumor growth 76% and 81%, respectively. Thus, in each of the three lung tumor xenografts, the anti-tumor efficacy was significantly enhanced in the FASN and taxane combination treatment groups compared to single agent dosing (Table 2 ). In the CALU-6 and CTG-0165_P + 6 models, significant tumor regression was observed with the combination treatment. Analysis of plasma and tumor concentrations of TVB-3166 6 h after final dosing showed that drug levels in the combination and single agent groups were comparable (Table 2) . Paclitaxel or docetaxel concentrations 6 h after final dosing often were below the limit of quantitation or not possible to analyze due small tumor size.
Ovarian (OVCAR8), prostate (22Rv1), and pancreatic (PANC1) xenograft tumor models were investigated as well. Results similar to those observed in the NSCLC xenograft tumor models were found (Fig. 5) . In each of these three different tumor models, the combination treatment group exhibited significantly improved anti-tumor efficacy compared to single agent TVB-3166 or paclitaxel treatment; combination FASN and taxane treatment resulted in tumor growth inhibition (TGI) values of 130%, 97%, and 88% in the OVCAR8, 22Rv1, and PANC1 tumor xenografts, respectively. The OVCAR8 tumor model differed from the others in that significant single agent TVB-3166 activity was observed: 59% and 74% TGI for 60 mg/kg and 100 mg/kg doses, respectively. Single-agent paclitaxel TGI values were 83%, 57%, and 56% in the OVCAR8, 22Rv1, and PANC1 tumor xenografts, respectively. Together, the results from these 6 xenograft tumor models representing diverse tumor types provide compelling evidence of significantly enhanced tumor growth inhibition by the combination of FASN inhibition and taxane treatment. Combined administration of these agents caused strong tumor growth inhibition in all tumor types (N81%TGI) and tumor regression was observed in 3 of 6 tumor models.
Combined FASN Inhibition and Taxane Treatment Sensitize Xenograft Tumors to Gene Expression Changes Associated with in Vitro FASN Inhibition
FASN inhibition is associated with extensive changes in tumor cell gene expression in vitro with effects on genes that function in metabolism, proliferation and survival (Ventura et al., 2015) . Analysis of the patient-derived NSCLC tumor CTG-0165 by whole-genome RNA sequencing revealed many of these same changes in xenograft tumors treated with 60 mg/kg TVB-3166 combined with 10 mg/kg paclitaxel but not in tumors treated with either drug alone (Fig. 6A) . Tumors treated with single agent TVB-3166 at 60 mg/kg once daily had a gene expression profile that was similar to tumors from vehicle-treated mice. Similarly, paclitaxel did not affect gene expression significantly. From these data, it appears, paclitaxel treatment sensitized xenograft tumors to gene expression changes associated with FASN inhibition.
Combined FASN Inhibition and Taxane Treatment Inhibits β-Catenin Expression and Phosphorylation Associated with Activation
Pharmacodynamic analysis of A549 tumor samples collected 2 h after final dose administration on day 20 showed inhibition of both CTG-0165_P + 6 NSCLC adenocarcinoma patient-derived tumor. TVB-3166 was dosed once daily by oral gavage at 60 mg/kg. Paclitaxel was dosed once every 4 days by intravenous administration at 10 mg/kg. Docetaxel was dosed once every 7 days by intravenous administration at 8 or 6 mg/kg. In groups dosed with both TVB-3166 (60 mg/kg) and paclitaxel (10 mg/kg) or docetaxel (8 or 6 mg/kg), TVB-3166 was administered 2 h before taxane administration. Animals were randomized according to tumor size and drug treatment was started when the mean tumor size was 150-200 mm 3 . Tumors and blood samples were harvested 2 h after the last dose. TVB-3166 and paclitaxel plasma and tumor drug concentrations were determined by mass spectrometry. The in-life phase for the CALU-6 (A) and A549 (B) studies was performed at Crown Biosciences (Santa Clara, CA; Beijing, China). The in-life phase for the CTG-0165_P + 6 study (C) was performed at Champions Oncology (Baltimore, MD). total β-catenin expression and S675 phosphorylation in tumors from the combination treatment group (Fig. 6B) . Inhibition of Akt signaling (S473 phosphorylation) was not observed. Phosphorylation of β-catenin at S675 is associated with nuclear localization and β-catenin activity. Tumors collected from the paclitaxel or docetaxel combination treatment groups showed 44% and 38% inhibition of β-catenin S675 phosphorylation, respectively. Slight inhibition (25%) of S675 phosphorylation was detected in docetaxel treated tumors. Total β-catenin expression and S675 phosphorylation levels were comparable to vehicle-treated levels in tumor samples from groups treated with single agent TVB-3166 or paclitaxel. Myc expression was measured as a downstream marker for bcatenin activity. Myc expression was below a level that could be reliably detected and quantitated in the A549 xenograft tumors; however, it appeared to be detected at a very low level in vehicle and single agent treatment groups while undetectable in the TVB-3166 + paclitaxel treatment group. Statistical significance was not determined for the observed changes.
Discussion
Combined FASN inhibition and taxane treatment demonstrated significantly enhanced anti-tumor efficacy in diverse xenograft tumor models from lung, ovarian, prostate, and pancreatic cancers compared to single agent therapy. This was observed in 6 of 6 xenograft efficacy studies, and in 3 of 6 studies, combination treatment caused tumor regression, which was not observed with single-agent treatment in any of the tumor models. Previous in vitro and in vivo studies with TVB-3166 supported investigating several different tumor types and also suggested a focused study of KRAS mutant non-small-cell lung tumor models (Ventura et al., 2015) . TVB-3166 belongs to a series of proprietary FASN inhibitors with high chemical similarity. TVB-2640, the lead molecule in this series of inhibitors, is completing Phase I clinical development for the treatment of solid tumors, where it demonstrated excellent oral bioavailability and pharmacokinetics that translated into sustained target inhibition and highly promising signs of clinical efficacy at well-tolerated doses (Dean et al., 2016) . TVB-2640 clinical development is investigating both monotherapy and combination therapy administration with taxane therapies such as paclitaxel. Our current studies investigated two cell-line-derived and one patient-derived lung tumor xenograft models and significant tumor regression was induced by combination treatment in 2 of these 3 models. The results also demonstrated that significantly improved efficacy occurs when FASN inhibition is combined with either paclitaxel or docetaxel, supporting a model that the mechanism of additivity or synergy is linked directly to the FASN and taxane mechanisms of action. A scientific rationale and model for the enhanced activity observed with the drug combination was developed from cell biology studies (Fig. 7) . This model incorporates findings from the current studies and from previously reported studies showing that single-agent FASN inhibition with TVB-3166 induces apoptosis in tumor cells by remodeling cell membranes and disrupting localization of lipid raft-associated proteins, inhibiting signaling pathways that include Akt and beta-catenin, and reprogramming gene expression (Ventura et al., 2015) .
Alpha and beta-tubulin are palmitoylated (Caron and Herwood, 2007; Caron et al., 2001; Zambito and Wolff, 1997; Ozols and Caron, 1997; Caron, 1997) , and tubulin palmitoylation helps to anchor microtubule filaments in the plasma membrane and supports functions needed for cellular transport and division. Inhibition of FASN was shown to decrease tubulin palmitoylation leading to profound disruption of microtubule organization in tumor cells. Notably, non-tumor cells such as MRC5 fibroblasts showed very little effect upon treatment with TVB-3664, paclitaxel, or the combination of TVB-3664 and paclitaxel ( Fig. S1A-B) , suggesting that combined FASN inhibition and taxane treatment will not increase toxicity to non-tumor cells and thus provide a therapeutic index for anti-tumor efficacy. Non-tumor cells including MRC5 fibroblasts and HUVEC endothelial cells have significantly higher levels of saturated fatty acids than tumor cells before and after 96 h of FASN inhibition (Fig. S1C) , and this likely plays a significant role in the low sensitivity of non-tumor cells to FASN inhibition. In addition, beta-tubulin mRNA levels were decreased in tumor cells following FASN inhibition. An apparent contrast was observed between the decreased level of TUBB mRNA and increased beta-tubulin immunofluorescence staining following treatment with single-agent treatment with TVB-3166. This may be accounted for by time-dependent differences in the two assays and, additionally or alternatively, may be explained by greater quantitative accuracy of the mRNA assay or translational regulation that causes a disconnect between mRNA and protein levels. Taken together, the results provide evidence that depletion of palmitate in tumor cells fundamentally alters the function and expression of the taxane target protein (Tubulin) and cellular component (microtubules). It seems highly plausible that these mechanistic effects create a foundation for FASN inhibition and taxane treatment to act with additivity or synergy as an anti-tumor therapeutic.
Because FASN inhibition and the resulting palmitate depletion alters lipid composition of the plasma membrane and the architecture of membrane-associated proteins (Ventura et al., 2015; Marien et al., 2015) , it was possible that FASN inhibition could enhance taxane activity by increasing intracellular concentration of the drug. This potential mechanism was investigated by in vitro studies that determined the intracellular paclitaxel concentration with and without FASN inhibition with TVB-3166 or TVB-3664. The results showed that FASN inhibition for 24 or 48 h did not affect the cellular paclitaxel concentration and supported a model where the enhanced anti-tumor activity of the FASN and taxane drug combination is derived from effects of FASN inhibition on tubulin palmitoylation, gene expression, and microtubule architecture.
Possible complementary or alternative mechanisms for the increased efficacy of the FASN and taxane combination therapy include effects from suppressing palmitoylation of additional proteins known to be modified by palmitate such as KRas, NRas, EGFR, Akt, Cav1, and Wnt (Yeste-Velasco et al., 2015; Bollu et al., 2015; Song et al., 2013; Eisenberg et al., 2013; Levental et al., 2010; Martin and Cravatt, 2009; Fiorentino et al., 2008) , and the subsequent sensitization to taxane treatment from the inhibition of signaling through these pathways. Previous studies by many groups have shown that FASN overexpression or inhibition modulates Akt as well as other drivers of oncogenic signaling that include c-Met, ERBB2, EGFR, and Wnt-b-catenin (Ventura et al., 2015; Coleman et al., 2009; Uddin et al., 2010; Hu et al., 2016; Puig et al., 2011; Vazquez-Martin et al., 2008; Bollu et al., 2015) . Our observation that combining TVB-3166 or TVB-3664 with taxane treatment increased efficacy in several tumor models of diverse origin and genetic features suggests the primary mechanism is fundamental to tumor cell biology and the taxane mechanism of action such as tubulin palmitoylation, expression, and the disruption of microtubule function; however, complementary mechanism may play an important role in a manner that is dependent upon tumor type. Additionally, taxane treatment may sensitize tumor cells to the effects of FASN inhibition on oncogenic signaling and/or tumor cell energetics and metabolism. The mechanism of enhanced anti-tumor activity of the FASN and taxane drug combination in our studies includes sensitization of tumor cells to FASN inhibition-mediated gene expression changes and inhibition of beta-catenin signaling but not Akt signaling. It remains possible that sensitization to Akt inhibition or other pathways that promote tumor growth, proliferation, and survival could occur in different tumor models than those used in our studies. In vitro FASN inhibition causes these effects on gene expression and signal transduction; however, this has been observed less commonly with in vivo xenograft tumor studies by us and others. Various models have rationalized these results, finding limited or loss of effect to of FASN or SCD inhibition in in vivo studies or in vitro with rich media sources (Daniels et al., 2014; Smans et al., 2014; Peck et al., 2016; Schug et al., 2015) . The explanations focus around tumor cells possessing a capacity to compensate for inhibition of lipid synthesis by reprogramming cellular metabolism and/or by the acquisition of essential lipids from the extracellular environment. The existence and importance of so-called privileged pools of intracellular palmitate and complex lipids, derived solely from de novo lipogenesis, remains an important component of tumor or diseased cell biology to elucidate more fully (Jensen-Urstad et al., 2013). Our results, pancreatic ductal adenocarcinoma tumor cell line. TVB-3166 was dosed once daily by oral gavage at 60 or 100 mg/kg. Paclitaxel was dosed once every 4 days by intravenous administration at 10 mg/kg. In groups dosed with both TVB-3166 (60 mg/kg) and paclitaxel (10 mg/kg), TVB-3166 was administered 2 h before taxane administration. Animals were randomized according to tumor size and drug treatment was started when the mean tumor size was 150-200 mm 3 . Tumors and blood samples were harvested 2 h after the last dose. TVB-3166 and paclitaxel plasma and tumor drug concentrations were determined by mass spectrometry. The in-life phase for these studies was performed at Crown Biosciences (Santa Clara, CA; Beijing, China). which show that pharmacodynamic and efficacy hallmarks of in vitro FASN inhibition were recapitulated using in vivo tumor xenografts (without modification to diet or feeding schedule) when FASN inhibition is combined with taxane treatment, argue that taxane activity constrains tumor cell biological and metabolic plasticity in a way that can mimic the conditions generated by growing tumor cells under controlled serum conditions in vitro. The data reported here taken together suggest that the combined action of a selective, potent, pharmacologically optimized FASN inhibitor and taxane treatment offers broad therapeutic potential for the treatment of many types of cancer. If additional chemotherapy or targeted therapy agents with distinct mechanisms of action limit oncogenic adaptation to depletion of de novo synthesized palmitate in an effectively similar manner, optimized FASN inhibitors could provide an additive or synergistic combination partner to many existing or developmental anti-cancer drugs.
In summary, we report results demonstrating strongly enhanced inhibition of in vivo tumor xenograft growth with combined FASN inhibition and taxane treatment across a diverse set of tumor models that includes non-small-cell lung, ovarian, prostate, and pancreatic tumors. Importantly, our findings provide a strong mechanistic rationale derived from both FASN and taxane mechanisms of action for this observed increase in efficacy with the drug combination. The reported findings support a hypothesis that pharmacologically optimized FASN inhibitors can combine with a variety of anti-cancer agents from different mechanistic classes to enable significant advancement our treatment options for human cancer.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.ebiom.2016.12.012.
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